Meditation refers to a family of mental training practices that are designed to familiarize the practitioner with specific types of mental processes. One of the most basic forms of meditation is concentration meditation, in which sustained attention is focused on an object such as a small visual stimulus or the breath. In age-matched participants, using functional MRI, we found that activation in a network of brain regions typically involved in sustained attention showed an inverted u-shaped curve in which expert meditators (EMs) with an average of 19,000 h of practice had more activation than novices, but EMs with an average of 44,000 h had less activation. In response to distracter sounds used to probe the meditation, EMs vs. novices had less brain activation in regions related to discursive thoughts and emotions and more activation in regions related to response inhibition and attention. Correlation with hours of practice suggests possible plasticity in these mechanisms.
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attention ͉ frontal ͉ parietal ͉ response inhibition I n recent years interest has been growing regarding the neural and psychological effects of meditation. The present experiment examined the neural basis of ''one-pointed concentration,'' which is practiced to strengthen attentional focus and achieve a tranquil state in which preoccupation with thoughts and emotions is gradually reduced (1, 2) . In this meditation one sustains concentration on a small object or the breath without succumbing to distractions (3) . In addition, one engages in a process of self-monitoring, in which one notes mental states contrary to concentration, such as sleepiness or ''mental chatter. '' Studies have shown expertise-related changes in those proficient in meditation and other skills. Concentration meditation has been reported to improve performance on multiple components of attention (4) , decrease attentional blink (5) , and improve the ability to control perceptual rivalry (6) . In addition, changes in electroencephalogram and cortical thickness have been reported in longterm meditation practitioners of compassion (7) and insight meditation (8) . For other types of expertise, functional MRI findings vary depending on training. For example, a study of short-term object discrimination training showed increased activation in the working-memory network (9) , whereas studies of long-term experts showed either increased [musicians (10) ] or decreased [golfers (11) ] activation. Other studies showed an inverted u-shaped curve in which those learning a skill initially had increased activation yet eventually showed less activation (12, 13) .
We studied expert meditators (EMs) with 10,000-54,000 h of practice in two similar schools of the Tibetan Buddhist tradition. EMs were compared with age-matched novice meditators (NMs) with an interest in meditation but no prior experience except in the week before the scanning session, in which they were given instructions. To control for motivation, a second NM group, the incentive NMs (INMs), were offered a financial bonus if they were among the best activators of attention regions. Participants alternated a state of concentration meditation (Med.) with a focus on a small fixation dot on a screen, with a neutral resting state (Rest) in a standard block paradigm. To probe the meditation, we presented distracting external stimuli (positive, neutral, or negative sounds) during parts of the Med. and Rest blocks in an event-related design.
Because concentration involves focusing attention, our first hypothesis was that Med. vs. Rest would result in activation of attention-related networks and visual cortex to maintain focus on the fixation dot (14) (15) (16) (17) . We further hypothesized that activation would vary among participants according to a skill-related inverted u-shaped function in which NMs would have less activation than EMs with moderate levels of practice, but those EMs with the most practice would show less sustained activation because of less required effort (12, 13) . Next, we predicted that, in Med., EMs would be less perturbed by external stimuli (sounds in Med.) and show less activation compared with NMs and INMs in brain regions that are associated with task-unrelated thoughts (18) , daydreams (19) , and emotional processing (20) . Similarly we predicted that a decrease in distraction-related regions would correlate with EMs' hours of practice. P. Ins ( Fig. 1C and Table 3 ), regions that have been shown to negatively correlate with performance in a sustained attention task (16, 22) .
We were concerned that these differences may have resulted in part from structural differences between participant-group brains, because seven of 12 EMs were Asian (five Caucasian), and all NMs were Caucasian. Therefore, we performed a separate analysis in which structural differences were taken to account by using probability of gray matter maps as voxel-wise covariates in a t test comparison between groups (23). All significant regions remained significant in this analysis, and several regions just below threshold became larger and thus survived multiple correction [supporting information (SI) Fig. 3A ]. In addition, we were concerned with possible motivation differences between groups. Therefore, to better match motivational arousal, we collected data from a set of 10 INMs who were told they would receive a monetary award ($50) if they were in the top one-third of the INMs in activating attention-related regions.
We examined all participant groups, including the INMs, using a priori regions of interest (ROIs) from a metaanalysis of 31 studies involving attention-shifting paradigms (24) . The EMs showed significantly more activation (two-tailed t test) than NMs in all attention ROIs except the thalamus (red vs. dark blue in Fig. 1D ). However, the INMs (light blue) showed more activation than the NMs and were not significantly different from the EMs in these ROIs. In the t test of EMs vs. INMs, EMs had more activation in the left superior frontal gyrus (SFG)/middle frontal gyrus (MFG), and INMs had more activation in left P. Ins, left inferior frontal gyrus (IFG), and LO (SI Fig. 3 B and C and Table 2 ).
Next, because we predicted that these results would correlate with hours of practice, we split the EM group into those with the most hours of practice (top four MHEMs, mean hours ϭ 44,000, range 37,000-52,000, mean age 52.3 years) and those with the least hours of practice (lower four LHEMs, mean hours ϭ 19,000, range 10,000-24,000, mean age 48.8 years, youngest participant not included to ensure age-matching). Two Asians and two Caucasians were in each group. Consistent with an inverted u-shaped function, we found that the LHEMs (brown) had the strongest activation, significantly higher than both sets of NMs in all attention ROIs except left intraparietal sulcus (IPS) and LO (SI Fig. 3D ) and significantly higher than MHEMs (orange) in all ROIs except LO. Results were not significantly different when the top five MHEMs were used (rather than the top one-third; data not shown) nor when the youngest LHEM was used (making mean age 42.3 years), except in thalamus ROI, in which LHEMs were not significantly different (same trend) from INMs or MHEMs (the thalamus ROI was more posterior than the thalamus cluster activated in our study).
In addition, we performed correlations with hours of practice within the EM group. Because age was a potential confound, we calculated the correlation between a participant's age and hours of practice. This was not significant (r ϭ 0.22, P Ͻ 0.44), but it had a positive trend of older participants having more hours. Thus, we list partial r values for activation vs. hours of practice, accounting for age. Many regions, including those in the attention network, showed significant negative correlation with hours, whereas no regions showed positive correlation with hours (see last columns of Tables  1 and 2, SI Table 4 , and SI Fig. 4A ), consistent with the view that expertise may lead to decreased activation, possibly because of increased processing efficiency. The notion of increased processing efficiency in long-term practitioners is consistent with recent evidence from our laboratory using another task, the attentional blink task, where we found that a 3-month period of intensive meditation led to decreased amplitude of the late component of the eventrelated potential to an initial target, a marker of increased processing efficiency that predicted improved behavioral performance on a subsequent target (5) .
We reasoned that if these results could be explained by differences in the amount of effort required to maintain attentional focus with expertise, one should see differences in the time courses of the hemodynamic response. In the left dorsal lateral prefrontal cortex (DLPFC) ROI, MHEMs had only a short activation period at the beginning of the Med. block (P Ͻ 0.02) that returned to baseline within the first 10-20 sec (significantly less than the LHEMs; P Ͻ 0.001). In contrast, LHEMs had a larger, sustained response over the duration of the block (Fig. 1E ). This short vs. sustained response contributed in part to the decreased activation for MHEMs vs. LHEMs in the attention-related ROIs (Fig. 1D) because the hemodynamic response function we used in our analysis modeled a continuous response over the entire block. ''Meditation startup'' increases occurred in most attention ROIs except for the thalamus and left anterior Ins and were also seen in right fusiform gyrus and bilateral caudate. Several other types of responses were seen in MHEMs, including suppression in regions like MeFG/Acc and P. Table 2) .
If the hemodynamic time course is influenced by effort, one should also see a more sustained response in the highly motivated INMs compared with the regular NMs. Indeed, INMs had a greater sustained response than the NMs in which activation at times fell within baseline levels. However, both NM groups had reduced sustained activation over time compared with LHEMs and also showed a delay in the amount of time it took to reach maximum activation in these regions, typically 10-20 sec longer. These results are presented for the DLPFC ROI in Fig. 1F . All groups had significant (NMs and LHEMs) or near significant (INM and MHEMs; P Ͻ 0.06) activation in the first 10 sec of the meditation block (LHEMs significantly greater than all other groups). However, for the last 80 sec of the block, there was an inverted u-shaped curve in which activation for NM Ͻ INM Ͻ LHEM Ͼ MHEM (all groups significantly different from each other; P Ͻ 0.001). However, whether these activation differences are due to skill learning or strategy and task performance differences cannot be definitely resolved in this study.
Because MHEMs may have been able to reach a less effortful tranquil meditation state within these short blocks, it is possible that regions that remained active in the latter part (last 80 sec) of the meditation block for the MHEMs may be the minimal brain regions necessary to sustain attention on a visual object.
Distracting Sound Data. In addition to looking at the brain regions involved in generating and sustaining the meditation state, we examined event-related neural responses during presentation of distracting sounds, presented at 2-sec intervals during the last two-thirds of the Med. and Rest blocks. These sounds could be neutral (restaurant ambiance), positive (baby cooing), or negative (woman screaming) and were contrasted with randomly presented silent, null events with the same timing. In this paradigm, 13 EMs, 13 NMs, and 10 INMs were included (see Methods). General auditory processing pathways (temporal cortex and Ins) were commonly activated for all participant groups in response to distracting sounds during both states (data not shown). A state ANOVA (sounds in Med. vs. Rest) revealed that participants showed an overall ''active response'' (no suppressed regions) in response to the sounds in Med., involving regions such as right intraparietal lobule/temporal parietal junction, bilateral pre-and post-central sulci, DLPFC, Ins, and anterior SFG (see SI Table 5 for state effects for all three groups; also see SI Fig. 5 A-C) .
Next we looked for differences between the groups. Our hypothesis predicted that NMs would be more distracted by the sounds and thus would show more activation in default-mode regions related to task-irrelevant thoughts and in emotion regions. First, NMs did not have any regions that were more active than either the EMs or INMs [SI Fig. 5C vs. A and B; see also state-by-group (EM vs. NM) ANOVA in SI Table 6 ]. These reduced differences for NMs may have been due to the greater similarity between Med. and Rest states for these participants, as we saw in the Med. block data. Data are from a t test subtraction (significantly different between groups at P Ͻ 0.05 corrected). * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.005. Data are from a t test subtraction (significantly different between groups at P Ͻ 0.05 corrected; smaller clusters marked with †).
* , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.005.
Therefore, we viewed the better motivated INMs as the more appropriate control group who would more accurately demonstrate the full potential of novices. As predicted, EMs had less involvement than INMs in medial ''default-mode network'' regions such as P. cingulate (P. Cing)/precuneus and MeFG/Acc [ Fig. 2A , SI Fig. 4C (state by group, EM vs. INM), and Table 3 ]. EMs also had less activation in left DLPFC, caudate, and pulvinar (Table 3) . In contrast, EMs showed more activation than INMs in bilateral dorsal IPS extending into post-central sulcus, visual cortex, and left, IFG (area 47) ( Table 3) . According to our hypothesis, areas that showed differential effects for EMs vs. NMs should show similar trends when comparing MHEMs vs. LHEMs. A voxel-wise analysis identified multiple regions in which activation in response to sounds correlated with hours of practice (see Fig. 2 B and C, SI Table 7 , and SI Fig. 4 D  and E) . When all sounds were included together (positive, negative, and neutral), the voxel-wise regression identified negative correlation with hours of practice in multiple regions including right amygdala (Amyg), MeFG/Acc, and P. Cing (19, 25) (see Fig. 2 B and C and SI Table 7 ). This P. Cing cluster partially overlapped the P. Cing region more active in INM vs. EMs (compare A and B in Fig. 2 ). In addition, there was negative correlation with hours of practice in intraparietal lobule, fusiform, and P. temporal regions. There were also several regions with positive correlation with hours of practice, including Ins, subthalamic, left IFG, supplementary motor area, and others; however, slopes of these correlations were usually less steep than areas showing negative correlation (see Fig.  2B , SI Table 7 , and examples in SI Fig. 4 D and E) . Partial correlations are reported here because the participants included in these analyses showed a substantial but nonsignificant positive association between age and hours of practice (r ϭ 0.53, P Ͻ 0.08).
Voxel-wise regression of brain responses of each sound valence separately vs. hours of practice identified similar regions (compared with all sounds together) for positive and neutral sounds (data not shown). In response to negative sounds in the EMs, there was a significant inverse correlation between MR signal change in the Amyg and MeFG/Acc and hours; a greater number of hours was associated with less activation to negative sounds in these brain regions (SI Table 8 ). These regions overlapped with results from a state by group (EMs vs. INMs) ANOVA for negative sounds, in which INMs also showed more activation than EMs in default network regions (compare F and G in SI Fig. 4 ) and in right Amyg (compare D and E in Fig. 2 ). The correlation with hours for negative sounds within the EMs was significantly greater than the correlation for positive (happy baby) sounds in the Amyg (negative sounds, partial r ϭ Ϫ0.64; positive sounds, partial r ϭ Ϫ0.13; difference, Steiger's Z ϭ 2.6 and P Ͻ 0.04) and in MeFG/Acc (left MeFG, negative sounds, partial r ϭ Ϫ0.86, positive sounds, partial r ϭ 0.33, Steiger's Z ϭ 3.3, P Ͻ 0.01; right MeFG, negative sounds, partial r ϭ Ϫ0.81, positive sounds, partial r ϭ 0.41, Steiger's Z ϭ 2.4, P Ͻ 0.05). Differences between zero order r values (without age statistically removed) are also significant (data not shown).
The only positive correlations between response to the negative sounds in Med. and hours of practice were seen in left cerebellar tonsil and subthalamic regions (SI Fig. 4 G and H and SI Table 8 ).
Pupil Diameter Data. In this study we did not include a behavioral task because practitioners reported that a task would disrupt their ongoing meditation. However, we did measure pupil diameter to obtain an independent index of autonomic arousal (eyes open and loosely fixated on dot in both Rest and Med. blocks). Ongoing measurements of pupil diameter changes during Med. and Rest were collected for 10 EMs, 10 NMs, and 10 INMs. For pupil response to distracting sounds, we performed a state (Med. vs. Rest) by group (EM, NM, and INM) ANOVA. We found a main effect of state [F(1,24) ϭ 5.778, P ϭ 0.024] in which peak pupil diameter in response to sounds increased in Med. vs. Rest (SI Fig.  6 ). There was no significant state by group interaction [F(2,24) ϭ 0.087, P ϭ 0.917] and baseline pupil responses (1 sec before sound) did not differ between groups (P ϭ 0.65). (Note that we could not measure absolute pupil diameters, only relative changes within individuals.) This suggests that all participants were engaged in the Med. task. The similarities and differences in brain regions activated in response to sounds in Med. vs. Rest between groups suggest that the types of processes eliciting the increased pupil diameters for EMs vs. NMs and INMs overlapped but also had important differences (see Discussion).
Discussion
Meditation State Effects. Concentration meditation in contrast with a Rest condition resulted in activation in attention-related regions (14, 24) in all participant groups including NMs. However, between the groups of NMs and EMs, there was variation in both the strength and time course of activation. Our findings of activation in attention regions and visual cortex (14, 16, 24, 26) , are consistent with classical descriptions of this meditation that emphasize a cognitive component called concentration, which includes aiming and sustaining attention to keep the object in mind and making adjustments to the meditation when necessary (3).
Meditation texts describe concentration meditation as initially requiring greater levels of effortful concentration but later becoming less effortful, such that late stages of this meditation are said to require minimal effort, with the practitioner being ''settled'' in a state of decreased mental effort but alert focus. LHEMs showed significantly more activation, applied on a faster timescale compared even with the INMs, who were highly motivated to try their best. This difference, combined with the decrease of activation in MHEMS (who had, on average, more than twice as much meditation experience than LHEMS), fits an inverted u-shaped function associated with skill acquisition in others domains of expertise (12, 13) . As with these studies, differences compared with NMs may be due to differences in strategy, technique, and the types of mental processes involved, rather than plasticity per se. However, the differences between LHEMS and MHEMS who were agematched, culture-matched, and more similarly trained are more likely to be explained by some level of skill learning or plasticity. Larger groups of such practitioners, as well as longitudinal studies, are needed to further elucidate these findings.
Activation differences may also result from differences in the allocation of cognitive resources. The decrease in activation for the MHEMs was in accord with a recent attentional blink study from our laboratory, in which practitioners fresh out of a 3-month intensive meditation retreat showed a decrease in attentional resources (measured via event-related potential) to the first presentation of the visual target stimulus (5) . This decrease in resource utilization to the initial target in the visual stream strongly predicted more accurate detection of the closely adjacent subsequent target with no loss of accuracy in detecting the first target. These findings, taken together, suggest that, at the highest levels of expertise, concentration meditation may result in a less cognitively active (quieter) mental state, such that other tasks performed in its wake may become less effortful (decreased resources allocated without any compromise in performance), perhaps resulting from fewer cognitive processes competing for resources (5) .
Distracting Sound Data. The distracting sounds were intended to serve as probes to test the distractibility of the meditators. Decreased activation in affective and default-mode regions was in accord with our hypothesis that EMs, especially those with the most practice, would have less reaction to the sounds (19, 20, 25, 27, 28) . In contrast, the active response to the sounds in other brain regions, coupled with the increased pupil dilation during meditation, was unexpected. These active regions may have been related to ''monitoring'' (3), a form of metacognition (29) that is said to evaluate the quality of the meditation, monitor and signal when attention leaves the object of meditation, and detect and signal present and future problems with concentration such as being too distracted or drowsy. Activation in anterior Ins may have mediated monitoring one's internal state (30) , whereas ventral attention network regions such as ventral prefrontal cortex and intraparietal lobule (31) may have signaled distraction. Prevention of habitual discursive or emotional reactions may have been mediated in part by prefrontal regions, basal ganglia, and subthalamic nuclei, which have been shown to be involved in inhibiting habitual physical (32, 33) and mental processes (34) (35) (36) . These activations, combined with decreased activation in P. Cing and Amyg in EMs vs. NMs, suggest that the increased pupil diameter for the sounds was not due to cognitive and emotional reactions in EMs but rather the monitoring and adjustment of concentration after a potentially disturbing stimulus.
Potential Caveats. In a cross-sectional study of this kind that involves a comparison between two rather disparate groups of individuals, it is not possible to definitively attribute the differences we observed exclusively to the meditation training that characterizes the EMs. The correlations we found with hours of practice are more plausibly due to skill learning and plasticity; however, it will be necessary to conduct longitudinal studies within individuals to make stronger inferences about the impact of training per se. Consistent with the conclusions we suggest here, our recent study (5) showed longitudinal changes in both brain and behavior after only 3 months of meditation.
In addition, the hemodynamic response differences may have been influenced by differences in vasculature and hematocrit level (37), as seen in previous studies on aging (38) and in an attention study where older participants showed larger blood oxygenation level-dependent responses (39) . However, we statistically controlled for age, the most likely correlate of basic hemodynamic differences, and MHEMs and LHEMs were culturally matched. Nevertheless, other control groups matched for culture, diet, and lifestyle will be important to include in future research.
Although we did not have a behavioral task to demonstrate that subjects were meditating effectively, pupil dilation evidence at least suggests that all participant groups were engaged in the task. Future research is required that includes behavioral tests of attention subcomponents to delineate with more precision those networks modulated by meditation. Finally, in the future it will be important to have multiple control periods against which to compare the meditation blocks because NMs may have had more variation in how they carried out their resting state. Having said that, it is difficult to propose alternative control conditions that would not act as experimental confounds in other ways. Therefore, using a variety of baselines such as reading, or other attention-demanding tasks in addition to a resting baseline, may be necessary in future studies to isolate different cognitive aspects of the meditation.
Practical Implications. Regions in this study showing differences between groups and correlations with hours of practice overlapped with regions showing abnormal structural and functional variation in persons with attention deficit disorders. For example, compared with normal controls, individuals with attention deficit disorders have shown activation differences in the sustained attention network (40) , regions involved in response inhibition (22, (40) (41) (42) , and reduction in size of prefrontal cortex and cerebellum (43) . In addition, it is plausible from our results that meditation may strengthen the ability to inhibit cognitive and emotional mental processes such as rumination that can lead to or exacerbate stress, anxiety, or depression (44) . Thus, our data encourage the examination of meditation as a potential form of attentional training in both disordered and normal populations and may provide an answer to William James's question posed Ͼ100 years ago when he asked how we might educate attention because such education would be ''the education par excellence'' (original italics; ref. 45 ).
Methods
Participants. Participants included 14 long-term Buddhist practitioners whom we classified as EMs (mean age ϭ 46.8 years, ages 29-64 years, SD 12.1 years), 16 age-matched healthy NMs (mean age ϭ 46.6 years, ages 23-56 years, SD 10.8 years), and 11 INMs who were told they would receive a $50 bonus if among the top one-third in activating attention-related regions (mean age ϭ 39 years, ages 31-51 years, SD 7.1 years). (For more details, see SI Methods.) One week before the actual functional MRI scan session, NMs were given written instructions on how to perform the meditation practices, written by M. Ricard, and practiced concentration and two other meditations for 1 h per day for 1 week, 20 min per meditation (also see SI Methods).
Task and Protocol. The technical term for this meditation in Tibetan literally means one-pointed concentration. As described in M. Ricard's instructions for the NMs: ''this is a state in which one tries to focus all one's attention on one object, keep it on that object, and bring it back to that object when one finds that one has been distracted (by outer perceptions or inner thoughts).'' Two incorrect tendencies would be sinking into dullness or sleepiness, or being carried away by mental agitation and internal thought ''chatter.'' All NMs were informed of these tendencies and instructed to simply return to the object of meditation with a sense of sharp focus. The technical term for the Rest state was, in Tibetan, neutral mind, in which the eyes remained open and fixated. In the instructions for NMs, the neutral state was explained as one in which ''your emotional state is neither pleasant nor unpleasant and that you remain relaxed. Try to be in the most ordinary state without being engaged into an active mental state (like voluntarily remembering or planning something or actively looking at an object).' ' We used a block design with blocks of varying length (more ideal for deconvolution analysis), alternating an average of 2.7 min (range 146-170 sec) of the state of meditation (object of meditation was a small dot on a gray screen) with an average of 1.6 min (range 84-106 sec) of Rest (four cycles plus one extra 128-sec Rest state of Ϸ20 min). A total of 25 2-sec auditory sounds from the International Affective Digitized Sounds (46) were presented in random order for each valence (positive, neutral, and negative). These sounds were presented every 6-10 sec after the first 40 sec of the meditative blocks and after 15 sec of the resting blocks. Null trials (silent events) were randomly presented between the auditory stimuli (47, 48) . Participants were instructed to maintain their practice during the presentation of the sounds.
Standard data collection and analysis processing procedures were followed and are described in SI Methods.
